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Unique Roles of SK and Kv4.2 Potassium
Channels in Dendritic Integration
influence of intrinsic voltage-dependent channels comes
from direct dendritic recordings from apical trunk den-
drites within 250 m of the cell body. These studies
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but also act to boost subthreshold excitatory postsyn-Baltimore, Maryland 21201
aptic potentials (EPSPs) (Magee et al., 1995; Stuart and4 Medical Biotechnology Center
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Alzheimer, 1997). This boosting reduces attenuation ofBaltimore, Maryland 21201
distally generated EPSPs as they propagate along the5 Neurology Service
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We have shown that regenerative action potential-like
events in distal terminal dendrites of CA1 cells, whereSummary
the majority of excitatory synapses are located, are me-
diated largely by voltage-dependent Ca2 channels andFocal activation of glutamate receptors in distal den-
remain confined to the single dendritic compartmentdrites of hippocampal pyramidal cells triggers voltage-
from which they are triggered in hippocampal slice cul-dependent Ca2 channel-mediated plateau potentials
tures (Wei et al., 2001). This behavior allows each den-that are confined to the stimulated dendrite. We exam-
dritic compartment to respond to strong inputs in ained the role of dendritic K conductances in deter-
highly nonlinear manner and act as a quasi-independentmining the amplitude, duration, and spatial compart-
unit of integration. Similar potentials have been ob-mentalization of plateau potentials. Manipulations that
served in basal dendrites of pyramidal cells in acutelyblocked SK-type Ca2-activated K channels, includ-
prepared hippocampal (Ariav et al., 2003) and corticaling apamin and BAPTA dialysis, increased the duration
brain slices (Schiller et al., 2000; Milojkovic et al., 2004).of plateau potentials without affecting their amplitude
The intrinsic conductances that are responsible for lim-or compartmentalization. Manipulations that blocked
iting the size of these spikes, which we shall refer to asKv4.2 A-type K channels, including a dominant-nega-
plateau potentials, and preventing their active propaga-tive Kv4.2 construct and 4-aminopyridine, increased
tion beyond the dendrite of origin are unknown.the amplitude of plateau potentials by allowing them to
EPSPs and backpropagating action potentials arerecruit neighboring dendrites. Prolongation of plateau
attenuated by the deactivation of inwardly rectifyingpotentials or block of Kv4.2 channels at branch points
H-type currents and by the activation of 4-aminopyridinefacilitated the ability of dendritic excitation to trigger
(4-AP)-sensitive A-type K currents. The density of bothfast action potentials. SK channels thus underlie repo-
currents in the main apical dendritic trunk increases withlarization of dendritic plateau potentials, whereas
distance from the soma (Hoffman et al., 1997; Magee,Kv4.2 channels confine these potentials to single den-
2000). When H- and A-type currents are blocked, tempo-dritic branches, and both act in concert to regulate
ral summation of EPSPs is facilitated and somaticallysynaptic integration.
initiated action potentials can propagate into more distal
dendritic domains. The molecular identity of the chan-
Introduction nels underlying dendritic A current has not yet been
proven, but several lines of evidence suggest that Kv4.2
Synaptic integration involves the summation of multiple channels may be involved (Sheng et al., 1992; Hoffman
synaptic inputs over space and time and the propaga- and Johnston, 1998; Magee and Carruth, 1999; Ramak-
tion of these signals through the dendritic arbor to the ers and Storm, 2002; Yuan et al., 2002).
soma/axon hillock, where neuronal output in the form Compared to A and H currents, relatively little is known
of action potentials is generated. These action potentials about dendritic Ca2-activated K currents. Ca2-acti-
propagate not only toward nerve terminals, but also in vated K currents are activated by NMDA receptor-
a retrograde manner back into the dendritic tree. At each mediated Ca2 influx in some systems (Isaacson and
step of the process, synaptically generated signals are Murphy, 2001), accelerate the repolarization of EPSPs
subject to the critical regulatory influence of intrinsic (Lancaster et al., 2001), and influence the induction of
voltage-dependent ion channels in dendrites that are long-term potentiation (Stackman et al., 2002). Ca2-
activated by both anterograde synaptically induced activated K channels are encoded by various gene
membrane potential changes and backpropagating ac- families (Vergara et al., 1998; Sah and Faber, 2002), and
tion potentials. the literature is inconsistent with regard to the molecular
Much of what we know about the distribution and identity of the channels involved in dendritic integration
(cf. Lancaster et al., 2001; Stackman et al., 2002). The
extent of their expression in dendrites has been ques-*Correspondence: sthom003@umaryland.edu
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Figure 1. Dendritic Plateau Potentials
(A) Montage of an Alexa 568-filled CA1 pyramidal cell from a hippocampal slice culture illustrating the sites of photolysis used in this study
(white circle in this and subsequent figures). Families of responses elicited with UV pulses of increasing duration (1, 2, 4, 8, 16, and 32 ms)
directed at a terminal apical dendrite are shown at left. Note that photolytic EPSPs are elicited from the terminal dendrite with the briefest
UV pulses, but that all-or-none plateau-like potentials are elicited with suprathreshold UV pulse durations. Saline contained TTX.
(B) In a terminal apical dendrite of another cell, a train of three subthreshold photolytic EPSPs at 20 Hz, elicited with 2 ms laser pulses,
summated to elicit a plateau potential that has the same amplitude and duration as a plateau potential elicited with a single 32 ms UV pulse.
(C) Responses of distal apical dendrites of CA1 pyramidal cells in an acute hippocampal slice to photolysis of caged glutamate using UV
pulses of increasing duration (left) or trains of five stimuli at 10 Hz of increasing intensity from a stimulating electrode placed close to the
dendrite (right). In both conditions, EPSPs are elicited with weak stimulation until the threshold for triggering a plateau potential is reached.
Subsequent stimuli elicit responses of roughly the same amplitude. These plateau potentials are essentially identical to those elicited with
photostimulation from CA1 cell dendrites in cultured hippocampal slices (e.g., [A]).
(D) Pairs of plateau potentials elicited from a single terminal apical dendrite with a pair of UV pulses separated by 50 ms (middle) or 100 ms
(right) did not show evidence of amplitude summation, unlike the pair of subthreshold photolytic EPSPs shown in (B). Scale bar, 3 mV and
100 ms.
(E) Plateau potentials were elicited from two adjacent terminal dendrites using a UV light pulse at one and a brief pressure application of 5
mM glutamate from a second patch pipette at the other. In contrast to the pair of potentials elicited from the same dendrite shown in (D),
pairs of plateau potentials at different dendrites did display amplitude summation. Scale bar, 3 mV and 100 ms.
tioned, however, because they exert little influence on drites in CA1 pyramidal cells in organotypic hippocam-
pal slice cultures while their membrane potentials werebackpropagating action potentials at distances 150
m from the cell body (Poolos and Johnston, 1999). recorded in the whole-cell mode from the cell soma in
the presence of TTX. Brief focal pulses of UV light (1–2In order to study the role of potassium channels in
the integration of synaptic excitation, we used micro- ms, 3–10 m diameter spots) evoked small, exponen-
tially decaying EPSP-shaped events of 1–2 mV. In-photolysis of caged glutamate targeted to individual dis-
tal dendrites of CA1 pyramidal cells in organotypic hip- creasing the amount of glutamate that was uncaged
pocampal slice cultures. Our results indicate that by increasing the duration of the UV pulse caused the
apamin-sensitive Ca2-activated potassium channels of amplitude of the responses to increase until the thresh-
the SK family are responsible for repolarization of local old for activation of dendritic plateau potentials was
dendritic plateau potentials, whereas Kv4.2 A-type po- reached (Wei et al., 2001) (Figure 1A). Identical plateau
tassium channels account for the confinement of these potentials could be elicited with trains of three to five
potentials to individual dendritic compartments. subthreshold photolytic EPSPs of 1–2 mV in amplitude
at frequencies of 10 Hz (Figure 1B) or from basal den-
Results drites (data not shown). We have shown previously that
these plateau potentials result from the activation of
voltage-dependent Ca2 channels within single den-Caged glutamate was photolyzed at the terminal
branches of distal apical dendrites or at oblique den- dritic compartments (see below). The amplitude of the
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plateau potential was independent of the laser pulse not an artifact of glutamate photolysis and is thus likely
duration once the threshold had been reached (Wei et to be elicited by normal, physiological patterns of synap-
al., 2001), like classic all-or-none action potentials (Sup- tic activity.
plemental Figure S1A at http://www.neuron.org/cgi/ Unlike the amplitude of the plateau potential, the dura-
content/full/44/2/351/DC1/). tion of plateau potentials continued to increase with
Pairs of plateau potentials elicited with pairs of UV pulses of increasing duration (Supplemental Figure S1A
pulses delivered to the same branch did not display at http://www.neuron.org/cgi/content/full/44/2/351/
summation of their amplitudes (amplitude of second DC1/). This suggests that the plateau potentials are ter-
plateau potential  102%  2% of first; n  4) (Figure minated actively at some point short of their maximal
1D). In contrast, pairs of plateau potentials that were possible duration. The duration but not the amplitude of
elicited on different, connected branches, produced by the plateau potentials was temperature sensitive, being
pairing a UV pulse on one branch with a focal pressure significantly shorter when cultures were at 35C com-
application of glutamate from a second pipette on an- pared to 25C (121  20 ms versus 247  47 ms; n 
other branch, did display considerable summation (am- 9 and 3 cells, respectively; p  0.05). We sought to
plitude of double plateau potential  85%  3% of determine the cellular mechanisms that regulate the am-
algebraic sum of the two individual potentials; n  5) plitude and duration of these dendritic responses.
(Figure 1E). These data indicate that a plateau potential
represents the largest output generated by one branch Dendritic SK Channels Limit the Duration
but that plateau potentials from multiple branches can of Plateau Potentials
summate to produce a larger depolarization at the cell We have reported previously that the duration of den-
body than that elicited from one branch alone. dritic plateau potentials is increased significantly by in-
We also examined the responses of distal apical den- tracellular dialysis with the Ca2 chelator BAPTA from
drites in CA1 pyramidal cells in hippocampal slices pre- the recording pipette (Wei et al., 2001). These results
pared acutely from adult rats (4–6 weeks of age). As in suggested that some Ca2-dependent process contrib-
the cultured slices, increasing the duration of the laser utes to termination of the plateau potentials. We hypoth-
pulses used to uncage glutamate triggered subthresh- esized that Ca2-activated K channels might be acti-
old EPSPs and then plateau potentials with all-or-none vated by the Ca2 influx that accompanies the plateau
amplitude behavior (Figure 1C). The amplitude and dura- potential and contribute to the repolarization of the
tion of the plateau potentials elicited in ex vivo slices membrane potential. If this hypothesis is true, then
were similar to those in cultured slices. As in cultured blocking the critical Ca2-activated K channels should
slices, these plateau potentials were accompanied not only prolong the plateau potentials, but also occlude
within 100 ms by an elevation of the intracellular [Ca2] the actions of BAPTA. We first tested the effects of
that was limited to the stimulated branch (Supplemental tetraethylammonium (TEA). TEA blocks all classes of
Figure S2A at http://www.neuron.org/cgi/content/full/ Ca2-activated K channels but does so at different con-
44/2/351/DC1/). We conclude that the generation of pla- centrations. BK channels, in particular, are sensitive to
teau potentials is not an artifact of cultured hippocampal
micromolar concentrations, whereas the channels un-
slices and is thus likely to be relevant to normal intact
derlying the slow and medium AHPs are only sensitive
brain function.
to millimolar concentrations (Sah and Faber, 2002). Bath
We next asked whether plateau potentials could also
application of TEA prolonged the duration of the plateau
be elicited with endogenous, synaptically released glu-
potentials elicited from distal dendrites and prolongedtamate. In ex vivo slices, we placed a stimulating patch
their decay time by as much as 3-fold (Figure 2A), butpipette close (5 m) to a single, fluorescently visual-
only at high concentrations (Figure 2B). TEA had noized distal apical dendrite (200 m from stratum pyra-
effect, however, on plateau potential amplitude or ratemidale) to evoke synaptic potentials in the recorded cell.
of rise (data not shown) at any concentration. SmallIncreasing the intensity or number of stimuli delivered
subthreshold photolytic EPSPs were not changed signif-resulted in a progressive increase in EPSP amplitude
icantly in amplitude (86%  16% of control) or durationuntil the threshold for a plateau potential-like event was
(98%  23% of control; n  6; not significant) by 10reached (Figure 1C). Three pieces of evidence suggest
mM TEA (Figure 2A), indicating that the effects of TEAthat these events were the same as those triggered with
were not due to nonselective changes in the passiveglutamate photolysis. First, further increases in stimulus
electrotonic properties of the cell or block of K chan-number or frequency did not produce any further in-
nels that were open under resting conditions.crease in the amplitude of the plateau potential. The
TEA also occluded the effects of intracellular BAPTA.synaptically evoked events thus behave in an all-or-
In cells recorded in control saline, plateau potentialsnone fashion. Second, the mean amplitude of these syn-
were prolonged roughly 3-fold after 30 min of dialysisaptically evoked plateau potentials was 5.9  2.5 mV
with pipette solutions containing 5 mM BAPTA (Figures(n  4 dendrites), which was not significantly different
2C and 2D). In contrast, if the recording was initiated infrom the mean amplitude of the plateau potentials elic-
the presence of 10 mM TEA, then the duration of theited in acute slices with glutamate photolysis (5.0  0.4
plateau potential was already long and did not increasemV; n 11 dendrites). Finally, fluorometric Ca2 imaging
further as the BAPTA entered the cell from the patchrevealed that the synaptically evoked events were ac-
pipette (Figures 2C and 2D). Inhibition of A current didcompanied by an increase in the [Ca2] throughout the
not contribute to the effects of BAPTA on plateau poten-stimulated dendrite within 100 ms and not in adjacent
tials, because 30 min dialysis with 5 mM BAPTA fromconnected dendrites (Supplemental Figure S2B at http://
the recording pipette did not affect the amplitude of Awww.neuron.org/cgi/content/full/44/2/351/DC1/). We
conclude that the occurrence of plateau potentials is currents elicited with somatic voltage steps (Supplemental
Neuron
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Figure 2. A Calcium-Activated, TEA-Sensitive Process Terminates Dendritic Plateau Potentials
(A) Responses of a terminal apical dendrite to sub- and suprathreshold UV pulses in control saline (left) and after addition of 10 mM TEA
(middle). Note that TEA prolonged the duration of the plateau potential but did not affect its amplitude, as shown in the superimposed traces
at right. TEA also had no effect on the amplitude or duration of subthreshold photolytic EPSPs.
(B) Summary graph of the effects of TEA at various concentrations on the amplitude, duration, and decay time of dendritic plateau potentials
(n  9, 11, and 9 cells at 0.1, 1, and 10 mM, respectively).
(C) Dialysis of 5 mM BAPTA from the pipette solution resulted in a progressive increase in the duration of plateau potentials if cells were
impaled in control saline (left). In contrast, if cells were impaled in saline containing 10 mM TEA, then the plateau potentials were already
prolonged and were not further increased in duration by BAPTA (right).
(D) Plot of plateau potential duration as a function of time after impalement with pipettes containing 5 mM BAPTA in control saline or saline
containing 10 mM TEA (n  6 and 11 cells, respectively). Duration is normalized to the duration 5 min after impalement. We conclude that
BAPTA prolongs plateau potentials by decreasing their rate of repolarization and that this process is occluded by prior application of TEA.
Figure S1B at http://www.neuron.org/cgi/content/full/44/ that the activation of these channels was not dependent
on prolonged photorelease of glutamate. Consistent2/351/DC1/). The actions of TEA and its ability to occlude
the effects of BAPTA dialysis lead us to conclude that with an action at SK channels, the effects of TEA applica-
tion on plateau potential duration and decay time wereplateau potentials are terminated by the activation of
Ca2-activated K channels with low TEA sensitivity. occluded by prior application of apamin (Figure 3C).
Plateau potentials were often followed by a small after-We next used pharmacological means to identify the
class of channels responsible for the repolarization of hyperpolarization (as in Figure 3B), and when present,
these were blocked by apamin. We conclude that Ca2-the plateau potentials. Ca2-activated K channels un-
derlying the slow and medium AHPs are known to be activated K channels of the SK class mediate fast pla-
teau potential repolarization and that all of the effectsblocked by millimolar concentrations of extracellular
TEA, but the selective SK channel blocker apamin elimi- of TEA on plateau potentials can be accounted for by its
actions at SK channels. Presumably, other processes,nates only the medium AHP in hippocampal neurons
(Storm, 1989; Stocker et al., 1999). We observed that such as Ca2 channel inactivation or activation of other
Ca2-independent K channels, underlie the slow decaythe duration of the plateau potential was increased by
application of 100 nM apamin, and its decay time was of the plateau potential after apamin application.
There is evidence of SK channel expression in bothincreased 3-fold (Figure 3A). Like TEA, apamin had no
effect on the amplitude (98%  10%) or duration somatic and dendritic regions of CA1 cells (Bowden et
al., 2001; Sailer et al., 2002). We examined the localiza-(112% 21%; n 5; not significant) of small subthresh-
old photolytic EPSPs (Figure 3A), indicating that its ef- tion of the SK channels responsible for the termination
of the plateau potential by placing a second pipettefects were not due to changes in the passive electrotonic
properties of the cell and that these channels were not containing apamin (1 M, in extracellular saline plus 100
M Alexa 568 for localization of the ejected solution)activated by small depolarizations. Plateau potentials
triggered by a brief train of photolytic EPSPs were also within 20–50 m of the site of photolysis (Figure 3D).
Focal application of apamin also prolonged plateau po-prolonged by apamin (Figure 3B) (n 3 cells), indicating
SK and Kv4.2 Channels in Dendritic Integration
355
Figure 3. Apamin-Sensitive Ca2-Activated K Channels in the Distal Dendrites Are Responsible for Repolarization of Plateau Potentials
(A) Responses of a terminal apical dendrite to sub- and suprathreshold UV pulses in control saline (left) and after addition of 100 nM apamin
(middle). Note that apamin prolonged the duration of the plateau potential but did not affect its amplitude, as seen in the superimposed traces
at right. Apamin also had no effect on the amplitude or duration of subthreshold photolytic EPSPs. The effects of apamin were thus identical
to the effects of TEA described above.
(B) Apamin also prolonged the duration of plateau potentials elicited in a terminal apical dendrite by a train of three brief, subthreshold UV
pulses at 10 Hz. The effects of apamin are thus not due to the prolonged photorelease of glutamate.
(C) Summary graph illustrating the effects of apamin alone (black bars) and after subsequent application of 10 mM TEA (white bars) on the
decay time and duration of plateau potentials (n  6 cells) normalized to the response before apamin application. The effects of TEA and
apamin were mutually occlusive, thus indicating that all of the effects of TEA on plateau potentials, described above, were mediated by
actions at apamin-sensitive Ca2-activated K channels.
(D) False color fluorescence image showing the stimulated terminal apical dendrite (green) and the focal application of apamin (1 M, visualized
with the red dye Alexa 568). Focal apamin application produced a prolongation of plateau potentials that was identical to that produced by
bath-applied apamin, indicating that the apamin-sensitive channels responsible for its effect are located in the distal dendrites. Scale bar, 20m.
(E) Summary graph illustrating the effects of focal apamin application (striped bar) and bath-applied blockers of SK-type Ca2-activated K
channels (apamin, 100 nM; scyllatoxin, 20 nM; bicuculline methiodide, 10 M) (black bars), another GABAA receptor antagonist (GABAzine,
10 M, 1:1000 DMSO) (stippled bar), a BK-type Ca2-activated K channel blocker (charybdotoxin, 30 nM) (white bar), and blockers of the
slow AHP (forskolin, 40 M; 8-Br-cAMP, 10 M; carbachol, 300 M; Sp-cAMP, 200 M) (gray bars) on the duration of plateau potentials in
terminal apical dendrites. The pharmacology of the channels responsible for repolarization of the plateau potential are consistent with the
properties of recombinant SK2 and SK3 channels (n  8, 14, 4, 6, 5, 11, 5, 5, 3, and 3 cells, respectively).
tentials to 218%  26% of control (n  8 cells; p  binant SK2 and SK3 channels (Coetzee et al., 1999;
Stocker et al., 1999). Charybdotoxin (30 nM), a blocker0.001) (Figure 3E), not significantly different from the
effects of bath-applied apamin. We conclude that fast of the BK class of Ca2-activated K channels (Sah and
Faber, 2002), had no effect on plateau potential durationplateau potential repolarization is mediated by SK chan-
nels expressed locally in the distal dendrite. (Figure 4A). Similarly, forskolin (40 M), 8-Br-cAMP (10
M), carbachol (300 M), and Sp-cAMP (200 M) wereFurther characterization indicated that only Ca2-acti-
vated K channels of the SK class were responsible all without effect on the duration of glutamate-induced
plateau potentials (Figure 3E) at concentrations that arefor repolarization. Plateau potentials were prolonged by
bath application of scyllatoxin (20 nM) or bicuculline known to block slow AHPs in hippocampal pyramidal
cells (Madison and Nicoll, 1986; Madison et al., 1987).methiodide (10 M) to an extent comparable to apamin
(Figure 3E). The effects of bicuculline were not due to Likewise, none of these substances had any effect on
plateau potential amplitude (data not shown). We con-block of GABAA receptors, because plateau potentials
were not prolonged by gabazine (10 M) (Figure 3E). clude that BK channels and slow AHP channels either
are not expressed in distal dendrites or are not activatedRecombinant SK1 channels are generally found to ex-
hibit a much lower sensitivity to apamin and scyllatoxin by the Ca2 influx produced by dendritic plateau poten-
tials.than SK2 or SK3 channels (Vergara et al., 1998; Shah
and Haylett, 2000; Strobaek et al., 2000; Hosseini et al., Under normal conditions, plateau potentials result
from activation of voltage-dependent Ca2 channels in2001; Finlayson et al., 2001); our results are thus most
consistent with the pharmacology of native and recom- a single dendritic branch, as revealed by fluorometric
Neuron
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Figure 4. Apamin Increases Ca2 Influx during Plateau Potentials in the Stimulated Branch but Does Not Affect Compartmentalization
(A) Image of Alexa in CA1 cell dendrites and the site of photostimulation. Fluorescence measurements for the stimulated (a) and unstimulated
(b) branches were made between the two open arrowheads. Scale bar, 10 m. The arrowhead that is labeled “s” indicates the direction of
the soma.
(B) Image of the maximal change in fluo-4 fluorescence after eliciting a plateau potential in the left branch in control saline. The resulting
plateau potential and the change in fluo-4 fluorescence over time in the stimulated (a) and unstimulated (b) branches are shown below.
(C) Images of the maximal change in fluo-4 fluorescence after eliciting a plateau potential in the left branch after bath application of apamin
(same dendrites as in [B]). The resulting plateau potential and the change in fluo-4 fluorescence are shown below. Note that more Ca2 entered
the stimulated branch after apamin, because the plateau potential is prolonged, but that no Ca2 entered the unstimulated branch before or
after apamin. Fluorescence intensity scale in arbitrary units is shown below image.
Ca2 imaging (Wei et al., 2001). We next asked whether cent dendrites, because they would have produced
readily detectable Ca2 influx (see below). Plateau po-the increase in plateau potential duration that was pro-
duced by apamin would allow the plateau potential to tentials remained confined to a single dendritic compart-
ment, even after their duration had been increased lo-spread beyond the branch from which it was evoked
to recruit adjacent branches. Dendritic branching was cally.
The probability of eliciting action potential dischargerevealed by the intracellularly applied red dye Alexa 568
(Figure 4A), and changes in the intracellular Ca2 con- in response to photostimulation of distal dendrites is
very low under control conditions (Wei et al., 2001). Wecentration were monitored with fluo-4 (Figures 4B and
4C and Supplemental Movie S1 at http://www.neuron. sought to determine the role of SK channels in this be-
havior by bath applying apamin in saline lacking TTX.org/cgi/content/full/44/2/351/DC1/). In control saline,
dendritic plateau potentials produced rapid increases Apamin prolonged plateau potentials and resulted in
the initiation of action potential discharge by previouslyin fluo-4 fluorescence in the stimulated dendrite but
not in adjacent, connected branches (Figure 4B). After subthreshold responses (Figure 5) (five of five cells).
Similarly, photostimulation of apical trunk branches,application of apamin, plateau potentials were pro-
longed, and maximal fluo-4 fluorescence was increased which elicits one or more action potentials under control
conditions (Wei et al., 2001), resulted in prolonged bursts25% (F/F  6.4%  1.6% before, 8.0%  1.9% after;
n  4 cells; p  0.05) in the stimulated branch (Figures of both fast and slow action potentials after apamin
application (Figure 5A) (five of five cells).4B and 4C). Nevertheless, there was no increase in fluo-
4 emission from the adjacent unstimulated dendrites There is evidence that SK channels are expressed at
the cell soma (e.g., Bowden et al., 2001), where their(Figures 4B and 4C). We conclude that the increase in
plateau potential duration produced by apamin did not block might account for the facilitated triggering of ac-
tion potentials from the axon hillock. We therefore testedresult from the recruitment of plateau potentials in adja-
SK and Kv4.2 Channels in Dendritic Integration
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Figure 5. Block of SK Channels in Distal Den-
drites Facilitates the Triggering of Action Po-
tentials with Dendritic Glutamate Application
(A) Plateau potentials were elicited in a termi-
nal dendritic branch and at an apical trunk
dendrite before and after bath application of
apamin in saline lacking TTX. Action poten-
tials were reliably elicited from the trunk den-
drite in control saline, but not in the terminal
branch. After apamin, in contrast, an identical
UV pulse elicited trains of action potentials
from both sites. Fast action potentials elicited
from terminal branches had a mean ampli-
tude of 93  6 mV and a duration of 5.3 
1.0 ms (n  5 cells).
(B) False color image (left) showing the stimu-
lated terminal apical dendrite (green) and the
cloud of Alexa 568 (red) ejected locally from
the apamin-containing puffer pipette. Corre-
sponding plateau potentials before (left) and
after (right) ejection of apamin are shown at
right. Local application of apamin to distal
dendrites in the absence of TTX thus facili-
tated the ability of dendritic excitation to elicit
action potential discharge, as did bath appli-
cation of apamin. Scale bar, 10 m.
the effects of local application of apamin in the distal Unlike the effects of TEA and apamin, 5 mM 4-AP not
only affected plateau potentials but also increased thedendrites as described above. Photorelease of gluta-
mate triggered plateau potentials but not action poten- amplitude of small subthreshold photolytic EPSPs by
136%  31% (n  5 cells; p  0.05) (Figure 6A). 4-APtials before application of apamin. After a single brief
ejection of the apamin solution, however, plateau poten- also increased the temporal summation of subthreshold
photolytic EPSPs (n  8 cells), as shown previouslytials were prolonged, and action potentials were reliably
elicited (three of four cells) (Figure 5B). These results (Cash and Yuste, 1999), thereby decreasing the number
of stimuli in a train needed to trigger a plateau potentialestablish that the apamin-sensitive SK channels respon-
sible for prolongation of the plateau potential are located (Figure 6C). The potentiation of dendritic glutamate re-
sponses was not merely a function of increased NMDAin the distal dendrites and that the block of dendritic SK
channels is sufficient, by itself, to facilitate glutamate- receptor-mediated depolarization, because small, sub-
threshold AMPA receptor-mediated responses in theinduced triggering of action potentials.
In summary, SK channels are located in distal den- presence of D,L-AP5 (80 M) were also potentiated
by 60% (Figures 6D and 6E). We conclude that thedrites, where they limit the duration of dendritic plateau
potentials and regulate the effectiveness with which de- 4-AP-sensitive channels are activated at or near the
resting membrane potential.ndritic synaptic excitation triggers neuronal action po-
tential output. Partially fractionated responses displaying multiple
peaks were elicited with suprathreshold stimulation in
the presence of 4-AP in some experiments (Figure 6F).Dendritic Kv4.2 Channels Mediate Plateau
Potential Compartmentalization Such responses suggested that a plateau potential
originating in one branch might recruit activation of otherA remarkable feature of dendritic plateau potentials is
their confinement to individual dendritic branches. Be- dendritic branches in the presence of 4-AP. To test this
hypothesis, we again used fluorometric Ca2 imaging.cause prolongation of the plateau potentials with SK
channel blockers did not affect this compartmentaliza- In control saline, Ca2 influx was limited to the stimulated
dendritic branch in every experiment (Figures 7A andtion, we sought to determine the channels responsible.
Pyramidal cell dendrites are endowed with high densi- 7B). After application of 4-AP, dendritic plateau po-
tentials were increased in amplitude and duration. 4-APties of channels mediating rapidly inactivating A-type
currents (Hoffman et al., 1997). We therefore considered increased Ca2 influx into the stimulated dendrite
(F/F 17% 2% before, 24% 3% after; n 5 cells;the role of these channels, which are known for their
sensitivity to 4-aminopyridine (4-AP) (Coetzee et al., p  0.05), and strong influx of Ca2 was now detected
in nearby connected dendritic branches within 100 ms1999). Bath application of 4-AP produced a concentra-
tion-dependent increase in both the amplitude and dura- of the photostimulation (Figures 7C and 7D and Supple-
mental Movie S2 at http://www.neuron.org/cgi/content/tion of dendritic plateau potentials and increased their
decay time (Figures 6A and 6B), as well as the slope of full/44/2/351/DC1/) (F/F  1%  1% before versus
18%4% after 4-AP; n 5 cells; p0.01). We concludethe rising phase (30%  4%; n  11; p  0.001).
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Figure 6. Block of A-Type K Channels with 4-Aminopyridine Potentiates Dendritic Glutamate Responses
(A) Subthreshold photolytic EPSPs and plateau potentials are shown before (left) and after (middle) bath application of 5 mM 4-AP. In contrast
to apamin or TEA, 4-AP potentiated both responses, as shown in the superimposed traces at right.
(B) Summary graphs illustrating the dose dependence of the effects of 4-AP on the peak amplitude, duration, and decay time of the plateau
potentials (n  8, 8, and 19 cells at the three concentrations).
(C) Responses of a distal dendrite to brief trains of 2 ms UV pulses at 20 Hz before (left) and after (right) bath application of 5 mM 4-AP.
Temporal summation was enhanced by 4-AP, allowing plateau potentials to be elicited with fewer photolytic EPSPs.
(D) AMPA receptor-mediated photolytic EPSPs elicited with 2 and 4 ms UV flashes (the smaller and larger responses under each condition)
before (left) and after (right) application of 5 mM 4-AP in the presence of 80 M D,L-AP5.
(E) Summary graph illustrating the effects of 5 mM 4-AP on the amplitude and duration of isolated AMPA receptor-mediated photolytic EPSPs
(n  8 cells). Facilitation was not merely dependent on NMDA receptor activation.
(F) Plateau potentials elicited before and during application of 5 mM 4-AP. Note the appearance of a second superimposed plateau potential
during 4-AP wash-in. These observations suggest that, in the presence of 4-AP, photorelease of glutamate triggered plateau potentials in
multiple branches.
that block of A-type channels by 4-AP facilitates the increase in both the amplitude and duration of the pla-
teau potential (Figure 8A). As with bath-applied 4-AP,spread of depolarization from the stimulated dendrite
into adjacent dendrites such that a plateau potential in focal application of 4-AP in the region of the dendrite’s
first branch point caused the plateau potential to beone branch now depolarizes adjacent branches above
the threshold for activation of their voltage-dependent accompanied by Ca2 influx not only in the stimulated
dendrite, but also in adjacent connected branches,Ca2 channels. With A-type channels blocked, a plateau
potential in one branch can trigger plateau potentials proximal to the site of 4-AP application. The mean in-
creases in fluo-4 fluorescence in the stimulated branchin adjacent branches, thus breaking down the normal
dendritic compartmentalization. were 8.3% 1.2% before and 10.7% 1.3% after focal
4-AP, but 0.1%  0.7% before and 9.3%  3.3% afterWhere are the critical channels located? To address
this question, we elicited plateau potentials from distal focal 4-AP in the unstimulated branch (n  3) (Supple-
mental Figure S3 at http://www.neuron.org/cgi/content/apical dendrites (200 m from soma) before and after
focal application of 10 mM 4-AP as described above. full/44/2/351/DC1/). We conclude that 4-AP-sensitive
channels are located throughout the distal dendritesWhen 4-AP was applied near the site of photolysis in
the middle of the dendrite, then plateau potentials were but that the channels at dendritic branch points are
particularly important in the compartmentalization ofprolonged in duration but unchanged in amplitude (Fig-
ure 8A). In contrast, when 4-AP was applied at a branch dendritic responses.
Prolongation of plateau potentials with apamin facili-point on the proximal end of the dendrite, there was an
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Figure 7. Block of A-Type K Channels with 4-Aminopyridine Eliminates Dendritic Compartmentalization
(A) Image of Alexa 568 in CA1 cell dendrites and the site of photostimulation. Fluorescence measurements for the stimulated (a) and unstimulated
(b) branches were made between the two open arrowheads. Scale bar, 20 m. The arrowhead that is labeled “s” indicates the direction of
the soma.
(B) Image of the maximal change in fluo-4 fluorescence after eliciting a plateau potential in the left branch in control saline. The resulting
plateau potential and the change in fluo-4 fluorescence over time in the stimulated (a) and unstimulated (b) branches are shown below.
(C) Image of the maximal change in fluo-4 fluorescence after eliciting a plateau potential in the left branch after bath application of 5 mM
4-AP. The resulting plateau potential (left) and the changes in fluo-4 fluorescence are shown below. Note that Ca2 was elevated in unstimulated
branches after eliciting plateau potentials with A-type K channels blocked. Fluorescence intensity scale in arbitrary units shown below image.
tates the triggering of fast action potentials. One hypoth- phenylalanine (Barry et al., 1998). In dorsal root ganglion
cells, this construct heteromultimerizes with endoge-esis is that their prolongation allows them to outlast the
inactivation of A-type K channels and thus depolarize nous Kv4 channels and acts as a dominant-negative
channel to suppress IA (Malin and Nerbonne, 2000). Themore proximal dendritic regions more effectively. We
tested this hypothesis with focal application of 4-AP at biolistic beads were also coated with DNA encoding the
red fluorescent protein DsRed so that transfected cellsdistal dendritic branch points in saline lacking TTX. In
six of six cells, applying 4-AP to branch points led first could be visually identified. Control cells were trans-
fected with wild-type Kv4.2 and DsRed.to the triggering of fast action potentials (Figure 8B) then
to the triggering of sustained (1 s) depolarizations with The amplitudes of plateau potentials in cells trans-
fected with Kv4.2W362F were significantly larger andone or more broad action potentials superimposed (data
not shown), most likely epileptiform events (e.g., Rutecki longer in duration than those of plateau potentials in
cells transfected with wild-type Kv4.2 (Figure 9A). Pre-et al., 1987). These results are consistent with a role for
4-AP-sensitive A-type K channels in gating the effec- sumably the lack of A-type current in the Kv4.2W362F-
transfected cells lowered the threshold for plateau po-tiveness with which synaptic excitation triggers fast ac-
tion potentials. tentials and allowed them to spread out of the stimulated
dendrite and recruit variable numbers of other branches.Several K channel classes are sensitive to 4-AP
(Coetzee et al., 1999), including the Kv4 channel family, Indeed, Ca2 imaging indicated that plateau potentials
in cells transfected with Kv4.2W362F were associatedof which only Kv4.2 is heavily expressed in pyramidal
cells (Serodio and Rudy, 1998), particularly in dendrites with Ca2 influx in multiple dendritic branches, unlike
plateau potentials in cells transfected with wild-type(Sheng et al., 1992). In order to test the hypothesis that
the 4-AP-sensitive channels that maintain dendritic Kv4.2 (Figure 9B and Supplemental Movie S3 at http://
www.neuron.org/cgi/content/full/44/2/351/DC1/). Ap-compartmentalization are Kv4.2 channels, we trans-
fected pyramidal cells biolistically with a Kv4.2 construct plication of 4-AP (5 mM) had no significant effect on
the amplitude or duration of plateau potentials in cells(Kv4.2W362F) in which a critical tryptophan residue at
position 362 in the channel pore has been mutated to transfected with Kv4.2W362F (data not shown; n  3
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pyramidal cells (Bannister and Larkman, 1995). These
dendrites respond to strong activation with a plateau
potential that is mediated by voltage-dependent Ca2
channels (Wei et al., 2001). These potentials have ampli-
tudes of 8–10 mV at the cell body and are generated
solely in the individual dendritic branch that has been
stimulated, as indicated by the spatial confinement of
Ca2 influx. These local plateau potentials are likely to be
a common feature of pyramidal cell dendrites (Schiller et
al., 2000; Milojkovic et al., 2004). In the present experi-
ments, we have identified unique roles for two K chan-
nel types in the regulation of these potentials. Ca2-
activated K channels of the SK class comprise the
dominant conductance by which the plateau potentials
are terminated. Kv4.2 A-type K channels, in contrast,
are responsible for the confinement of the plateau po-
tentials to the dendrite in which they are triggered.
SK Channels Terminate Plateau Potentials
We have found that dendritic plateau potentials were
slowed in their repolarization and prolonged in their dura-
tion by a variety of manipulations that inhibit SK channels.
We first showed that plateau potentials were prolonged
by intracellular BAPTA dialysis or by high concentrations
of TEA in a mutually occlusive manner. Manipulations
that blocked either the BK class of Ca2-activated K
channels or the channels mediating the slow AHP,
whose molecular identity remains unknown, had no ef-
fect on the duration of plateau potentials. In contrast,
apamin, scyllatoxin, and bicuculline methiodide all pro-
longed plateau potentials. Focal application of apamin
revealed that the channels responsible for this effectFigure 8. Focal Application of 4-Aminopyridine to Dendritic Branch
Points Eliminates Dendritic Compartmentalization and Facilitates are located in the distal dendrites themselves. Block of
Action Potential Discharge SK channels had no effect on small photolytic EPSPs
(A) Focal application of 10 mM 4-AP at the site of photolysis in the that were subthreshold for triggering a plateau potential,
middle of a terminal dendrite near the site of photostimulation (left) indicating that these channels are not activated until
or at its branch point (right) exerted different actions on plateau Ca2 influx into the dendrite is triggered by the occur-
potentials in saline that contained TTX. Only branch point applica-
rence of a plateau potential.tion produced the significant increase in both amplitude and dura-
CA1 pyramidal cells express mRNA for all three SKtion that indicates lack of compartmentalization, as summarized in
channel members (Stocker et al., 1999; Stocker andthe graphs below (n  10 and 5 cells).
(B) Focal application of 10 mM 4-AP at the branch point of the Pedarzani, 2000), albeit less for SK3. SK1 channels are
stimulated terminal dendrite facilitated the induction of fast action reported to be expressed primarily in the somatic region
potentials in the absence of TTX. of CA1 cells (Bowden et al., 2001) and perhaps on pre-
synaptic nerve terminals (Sailer et al., 2002), whereas
cells), demonstrating that the effects of 4-AP on plateau we observed that plateau potentials were prolonged
potentials are mediated by actions at Kv4.2 channels. following local application of apamin to distal dendrites.
The overexpression of wild-type Kv4.2, in contrast, de- Furthermore, recombinant human SK1 channels display
creased subthreshold EPSP amplitudes, meaning that a low sensitivity to apamin and scyllatoxin when ex-
the threshold for eliciting plateau potentials was reached pressed in a variety of systems (Ko¨hler et al., 1996;
only with the longest flashes. Furthermore, the ampli- Strobaek et al., 2000; Finlayson et al., 2001; Grunnet et
tudes of the plateau potentials were significantly less al., 2001; Hosseini et al., 2001; Ro et al., 2001; but see
than those in untransfected cells. The effects of transfect- Shah and Haylett, 2000), suggesting that either SK2 or
ing with the wild-type construct could be attributed to SK3 channels are responsible for repolarization of pla-
the overexpression of functional Kv4.2 channels, be- teau potentials. Taken together, we suggest that SK
cause bath application of 4-AP (5 mM) also caused Ca2 channels are responsible for the repolarization of the
influx to occur in adjacent dendrites (Figure 9B), as in dendritic plateau potential. A more definitive identifica-
untransfected cells. We conclude that Kv4.2 channels tion of the subtype will only be possible with the use of
account for all of the effects of 4-AP on dendritic plateau SK channel-specific knockout mice (Bond et al., 2004).
potentials and underlie their confinement to individual
distal dendritic compartments. Kv4.2 Channels Are Responsible for
Compartmentalization of Plateau Potentials
Discussion A remarkable feature of dendritic plateau potentials is
that they are generated by voltage-dependent Ca2 cur-
rents activated solely in the dendrite from which theyDistal terminal apical dendrites and oblique dendrites
contain the vast majority of excitatory synapses in CA1 are triggered, even though they propagate to the cell
SK and Kv4.2 Channels in Dendritic Integration
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Figure 9. Kv4.2 Channels Mediate Dendritic A-Type K Current and Dendritic Compartmentalization
(A) Glutamate responses elicited with UV pulses of increasing duration at terminal dendrites in a cell transfected with the dominant-negative
A-type potassium channel Kv4.2W362F (left) and a cell transfected with wild-type Kv4.2 channels (right). Note that glutamate responses and
plateau potentials are potentiated in the cell in which Kv4.2W362F was overexpressed, whereas overexpression of wild-type Kv4.2 channels
decreased subthreshold photolytic EPSPs to almost undetectable amplitudes, increased the threshold UV pulse duration necessary to trigger
a plateau potential, and decreased plateau potential amplitude. Plateau potential amplitude and duration were significantly greater in the
Kv4.2W362F-transfected cells than in the cells overexpressing wild-type Kv4.2 (p 0.001 and p 0.05, for 32 ms UV pulses; n 8 Kv4.2W362F
and 6 wild-type cells).
(B) DsRed image of the dendritic tree, demonstrating that the recording was made from a transfected cell, and site of photolysis (upper
panels) with the corresponding maximal increase in fluo-4 fluorescence after photostimulation in CA1 cells transfected with dominant-negative
Kv4.2W362F channels (left column) or wild-type Kv4.2 channels (right column) before and after application of 5 mM 4-AP. Scale bar, 20 m.
The arrowhead labeled “s” indicates the direction of the soma.
body with an amplitude of 10 mV. The depolarization trunk with increasing distance from the cell body (Hoff-
man et al., 1997) and strong immunoreactivity for Kv4.2in the adjacent dendrites apparently fails to trigger re-
generative events, as demonstrated by the lack of Ca2 channels in apical dendrites (Sheng et al., 1992).
We also observed that block of Kv4.2 channels po-influx. Our results allow us to conclude that a 4-AP-
sensitive, A-type K current that is mediated by Kv4.2 tentiated photolytic EPSPs that were subthreshold for
triggering plateau potentials, indicating either that thechannels in distal dendrites accounts for this failure to
trigger plateau potentials in adjacent dendrites. After resting membrane potential of the distal dendrites is
poised between their threshold for activation and theireither overexpression of dominant-negative Kv4.2 chan-
nels or application of 4-AP, plateau potentials that were threshold for inactivation or that the channels are suffi-
ciently deinactivated at the resting potential that eventriggered in one dendrite reliably triggered plateau po-
tentials in adjacent connected dendrites, as demon- small depolarizations lead to significant channel acti-
vation.strated by the occurrence of Ca2 influx into both stimu-
lated and unstimulated dendrites. More specifically, we Despite the immunocytochemical evidence of Kv4.2
channels in CA1 cell dendrites (Sheng et al., 1992) andfound that focal application of 4-AP to dendritic branch
points resulted in an increase in plateau potential ampli- evidence that recombinant Kv4.2 channels and dendritic
A-type channels are subject to similar modulation (Hoff-tude and the simultaneous induction of plateau poten-
tials in neighboring dendrites. We suggest that the acti- man and Johnston, 1998; Ramakers and Storm, 2002;
Yuan et al., 2002), our finding that the expression of domi-vation of Kv4.2 channels, particularly at or near branch
points, limits the ability of a plateau potential in the nant-negative Kv4.2W362F channels mimics and oc-
cludes the effects of 4-AP on dendritic glutamate re-stimulated dendrite to propagate into the adjacent den-
drite at a sufficiently large amplitude (or rapidly enough) sponses represents the first direct demonstration of the
molecular identity of the channels underlying dendriticto exceed the threshold for activation for their voltage-
dependent Ca2 channels. Hence, the plateau potential A-type K currents.
in the stimulated dendrite fails to trigger a plateau poten-
tial in the unstimulated dendrite. Our results are consis- Plateau Potentials and Action Potential Initiation
Apamin-sensitive Ca2-activated K current is readilytent with previous studies showing an increase in the
density of A-type K channels in the apical dendritic recorded from CA1 pyramidal cells, and its inhibition
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has modest effects on the ability of depolarizing somatic as a quasi-independent binary signaling unit (Wei et al.,
2001), in which plateau potentials are generated in ancurrent injection to induce fast action potential dis-
charge (e.g., Stocker et al., 1999; Bond et al., 2004). In all-or-none fashion depending on the strength of its syn-
aptic inputs.contrast, local application of apamin to block dendritic
SK channels at the site of stimulation produced a large
Experimental Procedurespotentiation of the ability of dendritic photolytic release
of glutamate to trigger fast action potentials. Whereas
Hippocampal Slices and Slice Cultures
dendritic plateau potentials never trigger fast action po- Organotypic hippocampal slice cultures were prepared with the
tentials in control conditions, prolongation of the plateau roller tube method (Ga¨hwiler et al., 1998). In brief, the hippocampi
were dissected from 4- to 8-day-old rat pups in accordance with apotential with apamin facilitated the ability of plateau
protocol approved by the University of Maryland School of Medicinepotentials to trigger action potentials. A detailed mecha-
Animal Care and Use Committee. Sterile 400 m thick hippocampalnistic explanation of this effect is complicated by the
slices were cut with a McIlwain tissue chopper and attached toelectrotonic distance of the distal dendrites, where the
glass cover slips in a fibrin clot, formed by a mixture of 20% fibrino-
critical events are likely to occur. Photolysis is highly gen solution (Tisseal, Baxter Biosciences) and 80% Hank’s balanced
effective in triggering fast action potentials at main api- salt solution. Coverslips with slices were placed in sealed test tubes
containing 750 l of medium (25% horse serum, 25% Hank’s bal-cal dendrites and near branch points (Wei et al., 2001).
anced salt solution, and 50% basal medium Eagle’s, supplementedOur data indicate that rapidly inactivating Kv4.2 chan-
with glucose). Slices were maintained in vitro for 12 days to allownels are responsible for the failure of plateau potentials
for synaptic maturation (McKinney et al., 1999).to propagate from the dendritic compartment in which
Acutely prepared hippocampal slices, 400 m in thickness, were
they were triggered at a sufficiently large amplitude to prepared from 4- to 6-week-old rats using standard techniques
trigger plateau potentials in neighboring dendritic according to a protocol approved by the University of Maryland
School of Medicine Animal Care and Use Committee. Slices werebranches. One hypothesis is therefore that the plateau
maintained in a holding chamber for 1 hr before they were trans-potential normally fails to initiate fast action potential
ferred to the stage of an upright microscope.discharge because a transient IA-like current limits the
ability of the plateau potential to reach spike-triggering
Electrophysiological Recording
zones in the dendrites with a sufficiently large amplitude Slices and slice cultures were placed in a low-volume (1.5 ml) re-
or rate of rise. The prolongation of the depolarization cording chamber and perfused with extracellular saline containing
the following: 145 mM NaCl, 3 mM KCl, 10 mM HEPES, 2 mM CaCl2,by apamin might then allow the plateau potential to
1 mM MgCl2, and 10 mM glucose (titrated to pH 7.4). In the acute“outlast” transient IA-like currents and trigger spikes
slice experiments, a 95% O2/5% CO2 gas mixture was blown acrossmore effectively. Consistent with this hypothesis, we
the recording chamber and bubbled through the extracellular saline,found that focal application of 4-AP specifically at the
which contained the following: 120 mM NaCl, 3 mM KCl, 1 mM
branch point of the photostimulated dendrite also per- KH2PO4, 25 mM NaHCO3, 2.5 mM CaCl2, 1.5 mM MgCl2, and 10 mM
mitted plateau potentials to trigger fast action poten- glucose. Whole-cell current-clamp recordings were made from the
cell bodies of visually identified CA1 cells in slice cultures usingtials. It must be noted, however, that prolongation of
patch pipettes with tip resistances of 3–6 M	, measured in extracel-plateau potentials with apamin does not result in the
lular saline, and an Axoclamp 2B amplifier (Axon Instruments) intriggering of plateau potentials in adjacent dendrites.
bridge mode. Cells in acute slices were recorded “blind.” CurrentThe voltage-dependent Ca2 channels mediating these
was injected to set the cell’s membrane potential to about 
70 mV.
potentials probably have a higher threshold for activa- The pipette solution contained 135 mM K-methanesulphate, 10 mM
tion than the Na channels underlying fast action poten- HEPES, 10 mM NaCl, 1 mM MgCl2, 0.1 mM K4BAPTA, 2 mM Mg2-
ATP, and 10 mM phosphocreatine and was adjusted to pH 7.3 withtials.
KOH. Alexa 568 (100 M; Molecular Probes) was included in the
pipette solution for visualization of dendrites using excitation lightK Channels and Dendritic Integration
from a 150 W mercury lamp, band-pass filtered at 550  10 nm so
In conclusion, our results offer a new perspective on as not to cause photolysis of the caged glutamate, and an emission
the role of K channels in dendritic integration. We show filter of 615 37 nm (Chroma Optics, Brattleboro, VT). After success-
fully entering whole-cell mode, caged glutamate (500 M N-Ncm-that Ca2-activated K channels of the SK class and
Glu) (S.M. et al., submitted) and the antioxidant Trolox (0.25–0.5A-type Kv4.2 K channels play unique roles in dendritic
mM) were added directly to the recording chamber, and perfusionintegration. Strong synaptic activation of distal den-
was stopped. Five minutes were allowed for the substances to equil-drites triggers compartmentalized spikes that are medi-
ibrate in the chamber. All experiments were performed at room
ated by voltage-dependent Ca2 channels. SK channels temperature. Plateau potential duration was calculated as the time
are critical for their repolarization. Unlike classic somatic above half-maximal amplitude, and decay was calculated as the
time for the amplitude to decline from 90% to 10% of maximum usingaction potentials, which are mediated by voltage-depen-
Clampfit (Axon Instruments). Data were compared using paired anddent Na channels and delayed rectifier-type K chan-
unpaired Student’s t tests, as appropriate, and differences werenels, local dendritic all-or-none plateau potentials are
considered significant only if p  0.05.mediated by a cycle of depolarization that is mediated
Patch pipettes (1 m diameter) containing extracellular saline
by voltage-dependent Ca2 channels and repolarization were used for synaptic stimulation and were placed 5 m from
that is mediated by Ca2-activated K channels. Kv4.2 the target dendrite. The saline contained 5 M bicuculline methio-
dide, and 5 mM QX-314 was added to the pipette solution.channels, in contrast, not only limit local synaptic excita-
The spatial resolution of our focal application method was testedtion (e.g., Hoffman et al., 1997) and the spread of back-
in the following manner. We first applied a solution of 40 M Alexapropagating action potentials (Frick et al., 2003), but are
568 and 1 M apamin solution at a distance of 30–50 m from thealso responsible for limiting the anterograde propaga-
site of glutamate photolysis in the middle of a distal apical dendrite
tion of depolarizations among individual dendritic (as measured from the edge of the dye cloud). The duration of the
branches. Kv4.2 channels thus subserve the dendritic plateau potential was unaffected (98%  3% of before puff; n  3
cells). The focal application pipette was then moved so that thecompartmentalization that allows each dendrite to act
SK and Kv4.2 Channels in Dendritic Integration
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